Semisolid injection molding is expected to be increasingly utilized as a forming process applicable to highly flammable magnesium alloys, since it can be carried out at temperatures lower than those of die casting. In this study, we investigated the effects of molding conditions on the tensile strength and internal casting defects of AZ91D magnesium alloy. Semisolid injection molding was conducted at injection speeds of 220, 300 and 400 mm·s ¹1 and fraction solids of 0.0, 0.3, 0.4 and 0.5. Whereas the volume fraction of casting defects decreased together with the decrease of injection speed, the mechanical strength reached a maximum at an injection speed of 300 mm·s
Introduction
Recently, reducing the carbon dioxide emissions from vehicles has become an important topic of researches. Toward this end, lowering the weight of vehicles is an effective means of improving fuel economy and thus there is a need to extend the range of application of aluminum and magnesium alloys in the automotive industry. Various problems with the forming of magnesium alloys, however, remain to be solved. For example, liquid-phase magnesium alloys are highly combustible in air, making the use of a cover gas essential during the casting process. However, the global warming potential of SF 6 , which is a highly effective cover gas, is about 23900 times that of CO 2 .
The semisolid forming process is a method for manufacturing components with complex configurations, 13) and its recent application in the forming of aluminum alloys is attracting attention.
48) The viscosity of a semisolid metal is higher than that of the fully liquefied metal, and roughly half of the material is still solid. Therefore, it is expected that casting defects can be reduced by preventing air traps. Additionally, the dimension accuracy can be improved and draft angles can be reduced by decreasing the level of solidification shrinkage. Moreover, in applying this method to magnesium alloys, the risk of combustion is reduced due to the lower processing temperature and the relatively smaller amount of liquid magnesium.
We have developed a new type of the semisolid injection process that can be used in the forming of magnesium alloys. 912) In this process, generic magnesium billet (rather than special billet for semisolid processing, such as thixo billet) is heated in an injection cylinder to a temperature at which a semisolid state is reached, and the resulting slurry is injected into a mold. The benefit of this process is a high material yield, and the use of a cover gas is not required since the semisolid magnesium alloy is not exposed to air. In this study, plate specimens were made by using a testing machine implementing the proposed semisolid injection method, after which the effects of fraction solid and injection speed on the distribution of casting defects, the mechanical strength and the microstructure were investigated.
Experimental Procedure

Injection molding experiment
The semisolid injection molding experiment was carried out by using the vertical injection system shown in Fig. 1 , where the injection cylinder was 25 mm in inner diameter, 60 mm in outer diameter and 475 mm in length; the nozzle was 3 mm in diameter and 6 mm in length.
The chemical composition of the AZ91D magnesium alloy used as the test material is given in Table 1 . The injection cylinder in the apparatus was constantly filled with billet to a height of 320 mm under the nozzle, and the billet in the uppermost part of the cylinder was heated to a temperature range where a semisolid state was reached. The injection cylinder was equipped with six heaters (H1 to H6) mounted on the surface of the outer wall which were controlled independently on the basis of measurements from six type K thermocouples. The temperature of the billet in the uppermost part of the injection cylinder (from the nozzle to a height of 130 mm) was controlled with precision of «1°C by setting the temperature of H1 (from the nozzle to a height of 21 mm) and H2 (from the nozzle to a height of 151 mm). The temperature distribution across the billet in the cylinder is shown in Fig. 2 . On the other hand, the temperature of the billet closer to the bottom was decreased by controlling the temperature of heaters H3 to H6, and billet at the bottom was in a solid state. Thus, a system with such design poses little or no risk of combustion since billet in the semisolid state is not exposed to air. Therefore, this experiment was carried out in air, without the use of a cover gas or inert gas.
Under these conditions, the billet was inserted into the injection cylinder by means of a hydraulic piston. As a result, semisolid billet was injected into the permanent mold from the uppermost part of the heated cylinder through the nozzle. In this setup, the extrusion ratio at the nozzle is approximately 70. After the injection, the temperature of the billet in the cylinder recovers within 10 min, thus this process can be operated semi-continuously.
The permanent mold in the experiment was a plate cavity of 20 mm in width, 100 mm in length and 5 mm in thickness, and the slurry was injected horizontally since the mold was mounted vertically. The mold clamping force was set to 274.4 kN. The amount of injected slurry per cycle was about 30 g, which was equivalent to the amount of material from the nozzle to a height of 53 mm.
The temperature of the billet in the uppermost part of the injection cylinder (from the nozzle to a height of 130 mm) was set to 611, 591, 586 and 581°C, where the corresponding values of the fraction solid f s were 0.0, 0.3, 0.4 and 0.5. The injection speed, V, which was calculated from the average piston speed, was set to 220, 300 and 400 mm·s ¹1 . The flow speed of the slurry at the nozzle was 15.3, 20.8 and 27.8 m·s ¹1 at each of these injection speeds, respectively.
2.2 X-ray computed tomography X-ray computed tomography (X-ray CT) was carried out in order to examine the plate specimens for casting defects, where the direction of X-ray irradiation was perpendicular to the length direction of the specimens. The rendered images were created from cross-sectional images obtained with 3D rendering software (VGStudio Max 2.0, Volume Graphics Inc.). The volume fraction of casting defects was calculated from the difference in contrast between these rendered images. In addition, the resolution of X-ray CT was 46 µm, allowing for detection of casting defects greater than 8 voxels.
Tensile test
The plate specimens were mechanically processed into tensile test pieces after X-ray CT scanning. Each tensile test piece was 100 mm in length, 20 mm in width at the part where the sides were parallel, 25 mm in gage length, 8 mm in shoulder radius and 5 mm in thickness. In addition, the surface of the test piece was as cast. Tensile tests were carried out at room temperature by applying tension at a speed of 1.0 mm·s ¹1 to 5 samples per set of casting conditions.
Microstructure observation
The microstructure of the central part of the specimens was observed with an optical microscope. The samples were molded in epoxy resin and polished by grinding with SiC paper, followed by polishing with diamond paste. The samples were then etched with a solution of 75 mL ethylene glycol, 1 mL nitric acid and 24 mL distilled water.
Measurement of cooling rate
The temperature of the slurry during the injection process was measured with a thermocouple inserted into the mold, where the measurement point (shown in Fig. 3 ) was located 50 mm from the gate, 5 mm from the edge in width direction and 2 mm from the surface in thickness direction. The diameter of the thermocouple was 0.5 mm, and the sampling period was 0.5 ms. The conditions during injection were set to a temperature of 591°C and a fraction solid of 0.3. Measurements were carried out at injection speeds of 220 and 400 mm·s ¹1 .
Results
X-ray computed tomography
Volume rendering images of the specimens prepared with injection speeds of 220, 300 and 400 mm·s ¹1 are shown in Fig. 4, Fig. 5 and Fig. 6 , respectively. In these images, detected defects are shown in black. The volume fraction of casting defects was highest at f s = 0.0 (which corresponds to fully liquefied material) at fixed injection speed, and it decreased in the case of semisolid injection as the fraction solid was increased. In addition, the volume fraction of casting defects decreased together with decrease of the injection speed. Specifically, at an injection speed of 220 mm·s
¹1
, casting defects were detected at the center in thickness direction at f s = 0.0, however, in the semisolid state, a large number of defects were detected at the end of the cavity. The reason for this discrepancy appears to be that the slurry could not be injected to the end of the cavity at low injection speeds due to its low fluidity. On the other hand, at injection speeds of 300 and 400 mm·s ¹1 , casting defects appeared in the center of the specimens in thickness direction. These defects were attributed to air traps. The calculation results for the volume fraction of casting defects in each sample are shown in Fig. 7 . The volume fraction of casting defects tended to decrease as the fraction solid was increased or the injection speed was decreased. Figure 8 shows plots of the yield strength and tensile strength of specimens formed under each condition described above. Except for a fraction solid of 0.0, both yield strength and tensile strength reached their respective maxima at an injection speed of 300 mm·s ¹1 and showed lower values at , the yield strength peaked at a fraction solid of 0.3, however, the tensile strength was highest at a fraction solid of 0.0. Figure 9 shows a typical microstructure at the center of the specimen prepared with a fraction solid of 0.5 and an injection speed of 400 mm·s ¹1 . These micrographs show that the microstructure of the specimen was homogeneous, with a uniform dispersion of primary ¡-Mg in the matrix (eutectic ¡-Mg and ¢-Mg 17 Al 12 ). Other specimens also showed the same characteristics. Furthermore, magnified micrographs of parts of the matrix for specimens injected under various conditions are shown in Fig. 10 . The matrix forms a netlike structure of primary ¡-Mg which tends to become finer as the fraction solid and the injection speed are increased.
Tensile test
Microstructure observation
Measurement of cooling rate
The temperature measurement results for slurry in the cavity at a fraction solid of 0.3 and injection speeds of 220 and 400 mm·s ¹1 are shown in Fig. 11 . The cooling rate at each temperature as calculated from these measurement results is shown in Fig. 12 . The cooling rate increased to its highest value after the temperature reached a maximum upon the slurry filling the cavity, after which it gradually decreased. At a temperature of 550°C, the cooling rate for an injection speed of 400 mm·s ¹1 was 150°C·s ¹1 higher than that for an injection speed of 220 mm·s ¹1 .
Discussion
As shown in Figs. 4, 5 and 6, the tensile test pieces displayed casting defects in the part with parallel side; hence these casting defects are thought to affect mechanical strength. Figure 13 shows the relations between yield strength, tensile strength and volume fraction of the casting defects. At injection speeds of 300 and 400 mm·s ¹1 , both yield strength and tensile strength decreased as the volume fraction of casting defects increased. These results agree with data obtained by other researchers. 13) At the same time, in comparison with the cases of injection speeds of 220 and 300 mm·s ¹1 , the mechanical strength decreased despite the smaller volume fraction of casting defects in the case of 220 mm·s
¹1
. On the other hand, for a fixed injection speed, the volume of casting defects decreased as the fraction solid was increased, although the mechanical strength reached a maximum at a fraction solid of 0.3 and decreased as the fraction solid was increased further.
The microstructure near the fracture surface of a tensile test piece is shown in Fig. 14 . Fracture occurred in the ¡-Mg + ¢-Mg 17 Al 12 mixed phase in the tensile test. Hence, the mechanical strength was strongly affected by the microstructure of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase.
The effect of the fraction solid on the mechanical strength is explained as follows. The volume fraction of casting defects decreased as the fraction solid was increased, thus increasing the mechanical strength. On the other hand, the ratio of ¢-Mg 17 Al 12 in the ¡-Mg + ¢-Mg 17 Al 12 mixed phase is thought to increase together with the fraction solid by concentration of dissolved Al atoms. An increase in ¢-Mg 17 Al 12 content concentrated upon the ¡-Mg + ¢-Mg 17 Al 12 mixed phase would impair the ductility and embrittle the mixed phase. Therefore, mechanical strength was thought to be decreased by increasing fraction solid. 14) Therefore, the mechanical strength reached a maximum at a fraction solid of 0.3, where these two effects were balanced. 200 μm Fig. 9 Microstructure of the specimen prepared at an injection speed of 400 mm·s ¹1 and a fraction solid of 0.5. It is composed of primary ¡-Mg and eutectic phase.
At the same time, the mechanical strength at an injection speed of 220 mm·s ¹1 was lower than that at an injection speed of 300 mm·s ¹1 despite the smaller volume fraction of casting defects. The reasons for this are considered to include the tendency of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase to become fine as the injection speed is increased, as shown in Fig. 10 . Thereupon, the fineness of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase was quantitatively evaluated based on the measurement procedure of dendrite arm spacing (DAS). 15) Three segments were drawn between the borders of ¡-Mg phases in micrographs, and the average distance between ¡-Mg phases was calculated as follows.
where d is the average distance between ¡-Mg phases, l i is the length of the ith segment drawn between the border of ¡-Mg phases in micrographs, n i is the number of intersection points between the ith segment and ¡-Mg phases, and m is the number of measured segments. The relation of the average distance between ¡-Mg phases with the injection speed is shown in Fig. 15 . The average distance between Mg phases decreased as the injection speed was increased for a fixed fraction solid. This result indicates that the solidification structure of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase is refined at higher injection speeds.
On the other hand, it is well known that the solidification structure is refined at higher cooling rates. The magnesium alloy AZ91 is characterized by the following relation between d and the cooling rate R.
16) d ¼ AR
¡ where A and ¡ are constants. When the injection speed is increased, the cooling rate increases (Fig. 12) , which is considered to contribute toward the refinement of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase, as shown in Fig. 15 .
On the basis of these results, the effect of the injection speed on the mechanical strength is considered as follows. Initially, the decrease in mechanical strength was attributed to the increased volume fraction of casting defects caused by increasing the injection speed. On the other hand, the ¡-Mg + ¢-Mg 17 Al 12 mixed phase, which strongly affects the mechanical strength, was refined at higher cooling rates, also as a result of increasing the injection speed. For these reasons, in the case of an injection speed of 400 mm·s
¹1
, the specimens displayed fine microstructure, although with a large volume fraction of casting defects. On the other hand, for an injection speed of 220 mm·s ¹1 , the volume fraction of casting defects in the specimens was small; however, the microstructure was coarse. Therefore, the mechanical strength was decreased at injection speeds of 220 and 400 mm·s
, and the mechanical strength reached a maximum at an injection speed of 300 mm·s
, where these effects were balanced, as shown in Fig. 16 .
Guo et al. 17) showed that the heat transfer coefficient increases together with the injection speed in the case of high-pressure die casting. A similar trend is found in the semisolid injection process.
The mechanical strength of the semisolid molding product was affected not only by internal casting defects, but also by the microstructure of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase. Additionally, the structure of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase was refined at higher injection speeds.
Conclusion
To investigate the effects of fraction solid and injection speed on the volume fraction of casting defects and the tensile strength, experiments on semisolid forming of the AZ91D magnesium alloy were performed. The distribution of casting defects in the prepared specimens was examined by X-ray CT, the mechanical strength was investigated by tensile testing, and microstructures were observed by optical microscopy. Additionally, the temperature of the slurry in the mold was measured during the injection process. As a result, the following conclusions were reached. 
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Injection speed (mm/s) Fig. 16 Schematic relation between ¡-Mg phase spacing, volume fraction of casting defects and tensile strength.
(1) The volume fraction of casting defects decreases as the injection speed is decreased or the fraction solid is increased. (2) The microstructure of the ¡-Mg + ¢-Mg 17 Al 12 mixed phase, which constitutes the liquid phase when the slurry is injected, is refined by increasing the injection speed. (3) The cooling rate of the slurry in the mold cavity increases together with the injection speed. (4) When the injection speed is increased, the volume fraction of casting defects increases and it causes the mechanical strength to decrease. However, the ¡-Mg + ¢-Mg 17 Al 12 mixed phase becomes finer and mechanical strength is increased. The mechanical strength of the specimens formed through this process reached a maximum under conditions that balanced these two effects, which was achieved at an injection speed of 300 mm·s
¹1
.
